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Effect of strain on a second-order van Hove singularity in Al x Ga 1؊x As/In y Ga 1؊y As quantum wells We have performed low-temperature photoluminescence and photoluminescence excitation ͑PLE͒ measurements on highly degenerate p-type GaAs and In y Ga 1Ϫy As quantum wells. In the PLE spectrum of the GaAs well, evidence of a second-order van Hove singularity in the joint density of states of the ground-state light-hole and electron bands is found. This singularity results from the equality of ground-state light-hole and electron effective masses near the ⌫ point, being a much more restrictive demand than the usual condition for a van Hove singularity, which requires only the equality of first derivatives of the subband dispersions. The second-order van Hove singularity gives rise to a power-law divergence at the singular point, whereas the corresponding usual van Hove singularity results in a steplike discontinuity in the joint density of states. The observed singularity could be described extremely well by a simple analytical model. The increased energy gap between light-and heavy-hole ground states in the compressively strained In y Ga 1Ϫy As well enhances the valence-band parabolicity, resulting in the disappearance of the van Hove singularity. Furthermore, it is shown that the anisotropic character of the heavy-hole ground state in GaAs is strongly suppressed in the In y Ga 1Ϫy As system. All experiments are in good agreement with our numerical modeling, based on an exact solution of the 4ϫ4 Luttinger Hamiltonian. ͓S0163-1829͑96͒05840-7͔
I. INTRODUCTION
It has been well known since the early 50s that analytic singularities in the frequency distribution g͑͒ of crystal vibrations necessarily occur in infinite crystals due to the periodicity of the lattice. 1 These so-called van Hove singularities occur whenever the condition ٌ q ϭ0 is met, and can be categorized by the signs of the second derivatives of the dispersion function ͑q͒ to all coordinates q, and the dimensionality of the crystal. 1 It was realized that the same applies for the joint density of states J(E) in semiconductors, leading to singularities in the optical constants of both two-dimensional ͑2D͒ and 3D bulk semiconductors. 2 More recently, van Hove singularities have attracted attention in structures with artificial periodicity, such as transverse ͑normal͒ superlattices, [3] [4] [5] lateral superlattices, 6, 7 and bilayered systems. 8 Since the lowest light-hole state ͑LHO͒ in GaAs/Al x Ga 1Ϫx As quantum wells ͑QW's͒ has a negative effective mass for small in-plane wave numbers, almost of the same magnitude as the electron mass, the joint density of states J(E) can be expected to show a singular behavior around the LH0-E0 transition. This singularity will be of a much stronger nature than the ordinary van Hove singularity, since this only requires the equality of the first derivatives,
The equality of effective masses fulfills the much stronger condition ⌬ k E c ͑k͒Ϫ⌬ k E v ͑k͒ϭ0, with E c ͑k͒ and E v ͑k͒ the conduction-and valance-band dispersions, respectively, and ⌬ the Laplace operator. Although the negative LH0 mass has been well established for a long time, both from theoretical 9 and experimental 10 studies, we are not aware of any experimental identification of this second-order van Hove singularity. Only recently, Winkler 11 predicted a logarithmic van Hove singularity in the free-electron-hole absorption spectrum of Al x Ga 1Ϫx As/GaAs quantum wells.
In this paper we will show clear experimental evidence of this second-order van Hove singularity in the photoluminescence excitation ͑PLE͒ spectrum of a highly degenerate, p-type, GaAs quantum well. The high doping concentration is necessary to suppress the exciton effects that blur the singularity in empty systems. 11 The doping has to be of p type, instead of the more commonly used n type, in order not to make the corresponding LH0-E0 transitions forbidden due to k-space filling and momentum conservation. Furthermore we will show how strain, resulting from the incorporation of indium in the well, increases the band parabolicity and isotropy and suppresses the van Hove singularity.
In Sec. II our experimental results will be presented and discussed. Results of both a numerical and an analytical analysis will be shown in Sec. III. Section IV will summarize the paper.
II. EXPERIMENT

A. Sample description and experimental setup
In this study we will present results from two Al x Ga 1Ϫx As/In y Ga 1Ϫy As quantum wells, with nominal indium concentrations of 0 and 10%. Both samples were grown by conventional molecular-beam epitaxy techniques on ͗100͘-oriented GaAs substrates, and consisted of a single quantum well, separated by a thin buffer layer from a shortperiod superlattice. Both wells are nominally 95 Å wide, and symmetrically doped with Be ␦ layers, which are separated from the well by 250-Å spacer layers. The GaAs well is confined by Al 0.45 Ga 0.55 As barriers, and grown at 690°C. The In 0.10 Ga 0.90 As well is confined by Al 0.25 Ga 0.75 As barriers and grown at 500°C to avoid indium diffusion. The indium concentration is confirmed by x-ray-diffraction measure-ments. Both samples are capped by a 170-Å GaAs layer. The carrier densities, as obtained by transport measurements at 1.4 K, are ͑9.0Ϯ0.1͒ϫ10 ϩ15 and ͑6.0Ϯ0.1͒ϫ10 ϩ15 m Ϫ2 for the GaAs and In y Ga 1Ϫy As samples, respectively. Transport mobilities for both samples are typically around 10 m 2 /V s. The photoluminescence and photoexcitation ͑PL,PLE͒ spectra at 1.4 K were taken in a CryoVac 4 He bath cryostat in which magnetic fields up to 7 T can be generated by means of a superconducting split-pair magnet. Measurements at 4.2 K and higher temperatures were performed in a CryoVac flow cryostat. The samples were excited using normal incident light from a tunable Ti:sapphire laser, pumped by a 10-W argon laser. Typically, the output power of the Ti:sapphire laser was below 5 mW, with a spot size on the sample of approximately 3 mm 2 . In order to make sure that the optical spectra were not influenced by carrier heating effects, care was taken that no change in the spectra occurred upon a decrease of excitation power. The luminescence signal was focused on the entrance slit of a Spex 0.75-m double monochromator, and detected using a cooled Hamamatsu photomultiplier connected to a Keithley dc electrometer. All experiments were performed in the Faraday configuration, and by using circular polarized light in excitation as well as in detection, unless stated otherwise.
B. Results
In Figs. 1͑a͒ and 1͑b͒ , the PL and PLE spectra of both the GaAs and In y Ga 1Ϫy As quantum wells are depicted. The PL traces were taken using exciting light from the Ti:sapphire laser at 1598 meV. The traces denoted ␣␤ and ␣␣ are polarization-sensitive measurements, using circular ͑͒ polarized light. The indices ␣ and ␤ denote left-or rightoriented polarizations, with ␣ ␤. The first index denotes the polarization of the exciting light, the second that of the detected polarization. The polarized light is used to separate light-and heavy-hole ͑LH,HH͒ contributions to PL͑E͒ spectra, where the cross ͑ ␣␤ ͒ polarization is LH sensitive, and the parallel ͑ ␣␣ ͒ polarization is HH sensitive. 12 Due to the inversion symmetry of the quantum-well potential, spin-up and -down states are degenerate, 13 which implies the equivalence of ␣␤ ͑ ␣␣ ͒ and ␤␣ ͑ ␤␤ ͒. We believe that the main luminescence line of both samples, marked A in Fig. 1 ͑GaAs: 1550.5Ϯ0.1 meV, In y Ga 1Ϫy As: 1426.8Ϯ0.2 meV͒, results from a nearly free HH0-E0 transition. Both PL lines show a broadened shoulder, marked B ͑GaAs: 1546.5Ϯ0.2 meV, In y Ga 1Ϫy As: 1423.9Ϯ0.2 meV͒, on the low-energy side. We will come back to the assignment of features A and B in Sec. II C. The luminescence intensity in the cross polarization is reduced by almost a factor of 2 with respect to the parallel polarization. This is a clear signature of the spin-memory effect, 14 commonly encountered in empty and n-type QW's. To our knowledge this effect has not been observed before in p-doped structures. The main luminescence lines of the GaAs and In y Ga 1Ϫy As samples have a full width at half maximum of 2.4 and 4.8 meV, respectively, showing the good quality of our samples.
The PLE traces in Fig. 1 show an apparent Moss-Burstein shift in the ␣␣ traces, corresponding to HH transitions, reflecting the filled HH0 valence band. Going from GaAs to
In y Ga 1Ϫy As as well material, the total PLE spectrum can seen to be redshifted by some 100 meV. This is the net result of the well-known redshift due to the smaller band gap of In y Ga 1Ϫy As, and the blueshift due to the compressive hydrostatic strain in the In y Ga 1Ϫy As structure. Furthermore, the energy gap between heavy-and light-hole ground states is enhanced in the In y Ga 1Ϫy As QW with respect to the GaAs QW, due to the shear strain. We will discuss these points in more detail in Sec. III where numerical simulations will be presented. However, the most remarkable feature in Fig. 1͑a͒ is the peak marked LH0. We believe that this peak is the result of a second-order van Hove singularity, resulting from the negative LH0 mass around kϭ0, and that it is not a result of excitonic effects. Since our interpretation strongly differs from the common interpretation of peaklike structures near Note the absence of a van Hove singularity in the LH0-E0 transition. The peak marked HH1-E1 is due to excitonic enhancement. All PLE spectra are normalized on the height of the first step in the unpolarized spectrum. The 47.2-K spectrum is offset by thermal background. The intensity drop above 1630 meV is due to laser falloff. the edge of an unpopulated band, we will use Sec. II C to argue why we do not attribute this peak to excitonic enhancement of transition probability. Moreover, in Sec. III we will demonstrate that this peak can be modeled without the inclusion of any Coulombic interaction between holes and electrons.
C. Excitonic effects
On qualitative grounds it can be expected that the binding energy of the HH0-E0 exciton ground state will be rather low in our structures, and that free band-band transitions will dominate the optical spectra. In the first place, both samples have a high 2D carrier concentration, which will screen the Coulomb interaction between the sea of ͑heavy͒ holes and the photogenerated electrons. Second, the mobilities in the wells are low compared to what is commonly found in empty or n-doped QW's. This will lead to a shorter exciton lifetime and, in consequence, to a blurred exciton spectrum. The second argument will apply for all hole subbands, whereas the first will not be generally valid due to the reduced screening efficiency of higher subbands by the ground-state heavy holes. However, the overlap between the light-and heavyhole ground states is very strong, resulting in an efficient screening of the LH0-E0 exciton. These arguments can be illustrated by the PLE spectrum of the In y Ga 1Ϫy As QW ͓Fig. 1͑b͔͒. It is obvious that both the HH0 and LH0 to E0 transitions do not show significant excitonic enhancement of the PLE intensity, whereas the HH1-E1 transition shows a clear excitonic peak at 1570 meV, which we will discuss in more detail below. Applying this reasoning to the GaAs sample leads to the conclusion that the large feature marked LH0, cannot be purely of excitonic nature.
In order to quantify our arguments about the weakness of the exciton binding energy in our samples, we performed PL(E) measurements as a function of ͑perpendicular͒ magnetic field and temperature. In Fig. 2 the energetic positions of features A, B, and LH0 of the GaAs sample are depicted as a function of magnetic field. The energies of A and B are obtained from a phenomenological lineshape analysis, using a double Gaussian fit to the PL spectrum. It is known from QW band-structure calculations for free carriers that, for low magnetic fields, the lowest HH0 Landau level is linearly dependent on magnetic field, as is the lowest E0 Landau level. 5 In contrast to what is thus to be expected for a purely free HH0-E0 transition, the main PL line (A) shows a prominent quadratic field dependence in the low-field regime. This, of course, is the expected behavior of an exciton in a weak magnetic field. In a two-dimensional system the exciton binding energy is given by 16 ;
where R 0 * is the effective Rydberg, and c the cyclotron frequency eB/*, with *ϭ(1/m e *ϩ1/m h *) Ϫ1 the effective exciton mass. Fitting the energy of feature A with Eq. ͑1͒ in the range 0-1 T yields an exciton binding energy of ͑0.33 Ϯ0.04͒ meV, when we take m e *ϭ0.067m 0 and m h *ϭ0.4m 0 for the effective free electron and hole masses, respectively. As can be seen from the dashed line in Fig. 2 , significant deviations arise at higher magnetic fields. Since Eq. ͑1͒ is only valid in the low-field regime ͑␥Ͻ1͒ and ␥Ϸ3 at 1 T, the observed behavior can be more appropriately modeled with the Padé approximants of Ref. 16 . These functions interpolate between the well-known analytic expressions for the exciton energy in low-and high-field regimes, and are valid for all values of ␥. The result of such an analysis is also shown in Fig. 2 by the solid line. The used input parameters are the same as above. The best fit to the experimental data was obtained for an exciton binding energy of ͑0.8Ϯ0.1͒ meV. This shows once more the relative unimportance of excitons at the HH0-E0 transition in the GaAs sample under consideration. Note that this has to be compared to similar empty QW's where binding energies around 10 meV are found. From the energetic position and field dependence, we assign the PL shoulder B to a weak acceptor-bound exciton. Assuming a Be-bound exciton, application of Haynes' rule 17 yields an estimated binding energy of 3 meV, in reasonable agreement with the observed values of 4 and 3 meV for GaAs and In y Ga 1Ϫy As, respectively.
The field dependence of the LH0 feature in the GaAs PLE spectrum, also shown in Fig. 2 , clearly reflects the nonparabolic nature of the lowest light-hole band, 15 and, as a result, does not allow us to estimate the exciton binding energy as above. However, from the lack of field dependence of the feature we can conclude that 1/m e Ϫ1/m lh0 Ϸ0. This implies the equality of the electron and light-hole masses, which should be the case at a singularity in their joint density of states.
Additional evidence of the irrelevance of excitonic effects to the LH0 feature can be found in temperature-dependent PLE measurements. If the LH0 peak is ͑partially͒ due to excitonic effects, a decrease in intensity is expected when the thermal energy becomes of the same magnitude as the exciton binding energy, resulting from thermal dissociation of the exciton. In Fig. 1͑a͒ height of LH0, measured from the low-energy foot of the peak to the top of the peak. The offset in the 47.2-K trace is due to the increased background of the substrate luminescence. The observed broadening of some meV is in good agreement with the thermal energy k B T, being 4.1 meV at 47.2 K. For higher temperatures the total PLE spectrum became unobservable, due to the increasing substrate luminescence background and, probably, due to the thermal opening of nonradiative recombination channels. As can be seen from the figure, no significant change in the relative amplitude of LH0 occurs up to 50 K. This behavior can be the explained in terms of a free band-band transition, of which the van Hove singularity is a special case, or in terms of a very strong exciton, which would be the common interpretation. 18 The latter interpretation implies an exciton binding energy that exceeds the thermal energy by at least a factor 2, giving a lower bound of about 8 meV to the binding energy. The experimentally found LH0-E0 exciton binding energy in high-quality empty GaAs/Al x Ga 1Ϫx As wells of comparable width is around 11 meV. 19 It seems very unlikely to us that the binding energy in our highly degenerate sample would be almost the same as in an empty well, for reasons explained above. Therefore, we believe that the described ͑lack of͒ temperature dependence of the LH0 feature strengthens our interpretation in terms of free band-band transitions.
To enlighten the contrast between the LH0 feature and features of an excitonic nature, the HH1-E1 peak at 1570 meV in the In y Ga 1Ϫy As PLE spectrum was also studied as a function of temperature. The PLE spectra at temperatures ranging from 6.3 to 103.4 K are displayed in Fig. 3 . The spectra are normalized on the height of the plateau on the high-energy side, marked B in the lower inset. Unlike the GaAs sample, the In y Ga 1Ϫy As sample showed no temperature-dependent background, due to the larger separation in energy between substrate-and well-luminescence lines. As is obvious from the spectra, the relative amplitude of the peaked structure, marked P in the lower inset, is strongly decreasing with increasing temperature. This is made quantitative in the upper inset of Fig. 3 , in which the relative amplitude, defined as ( PϪB)/(BϪA), of the HH1-E1 peak is plotted logarithmically versus the inverse thermal energy. The solid line is a linear fit corresponding to an activation energy of 2.5Ϯ0.1 meV. When we define the relative amplitude as ( PϪA)/(BϪA), we find a binding energy of 1.0Ϯ0.1 meV. The first definition corresponds to the assumption that the excitonic peak is placed on top of the free band-band continuum, whereas the second reflects an excitonic structure that is placed in front of the continuum. Since the exciton binding energy is comparable to the spectral broadening, the correct value of the binding energy will be in between. Both results are in agreement with our interpretation of the structure in terms of excitonic enhancement of absorption intensity. The relatively low value of the obtained exciton binding energy is in good agreement with a variationally calculated value of 2.5 meV, calculated along the lines of Sugawara. 20 We used the self-consistent calculations described in Sec. III to obtain the HH1 and E1 wave functions and effective masses required for this calculation. No screening effects were taken into account in the calculation. The present result confirms the relative unimportance of screening by the free ground-state heavy holes of the first excited heavy-hole state. It is important to note that the LH0 feature in the GaAs spectrum at 47.2 K shows an increased relative amplitude with respect to the 4.2-K trace, independent of the exact definition of relative amplitude. Due to the temperature-and energy-dependent background, it is impossible to make this statement more quantitative.
III. SIMULATIONS
In Secs. III A and III B, we will present the results of our numerical calculations on the band structure of GaAs and In 0.10 Ga 0.90 As quantum wells. Since our model has been described in detail in an earlier publication, 21 we will only give a brief outline of the model. In Sec. III C an analytical expression for the second-order van Hove singularity will be presented, and compared with both the numerical and the experimental results.
A. Numerical formalism
We calculated the light-and heavy-hole states, within the envelope-function approximation, as exact eigenfunctions and eigenvalues of the full 4ϫ4 Luttinger Hamiltonian. 22 Standard flux-conserving interface conditions 23 were applied at the interfaces. The wave functions and the Coulomb potential were calculated self-consistently by iteration. The Al x Ga 1Ϫx As band gap is calculated using 24 E g (x)ϭ1519.2ϩ1360xϩ220x 2 , and the common 35:65 rule for the band-offset distribution. Strain and band offsets for the GaAs/In y Ga 1Ϫy As system are incorporated according to the model-solid theory of van de Walle 25 by addition of the appropriate terms on the diagonal of the Hamiltonian matrix. We used the formula of Goetz et al. 26 for the band gap of In y Ga 1Ϫy As: E g (y)ϭ1519.2Ϫ1583.7yϩ475y
2 . Electron energies and wave functions were calculated in the effectivemass approximation, using linear interpolation between the effective electron masses in GaAs ͑0.067m 0 ͒ and InAs ͑0.023m 0 ͒. PLE simulations are obtained by defining a fine twodimensional mesh in k space, with a typical grid size of 5ϫ10 6 m
Ϫ1
, and two one-dimensional meshes in energy space,
␣␣ (E) and
␣␤ (E), reflecting the polarized PLE spectra, with an energy step of 0.5 meV. On every k meshpoint, the optical matrix elements M ͑k͒ of the HH i ϪE j and LH i ϪE j ͑i, jϭ0,1͒ transitions are calculated 15 and added to the appropriate element of one of the arrays ␣␣ (E) or ␣␤ (E). Here EϭE Gap ϩE hole ͑k͒ϩE el ͑k͒, with E Gap the band gap in the well, and E hole and E el the hole and electron energies. As a result of this definition, only momentumconserving transitions are taken into account. The MossBurstein shift, reflecting the HH0 band filling, is accounted for by taking the optical matrix element equal to zero when E HH ͑k͒ is smaller than the Fermi energy. The calculated spectra are slightly smoothed to reduce discretization noise. The advantage of the PLE-spectrum calculation described above over the mathematically more elegant method of Ref. 21 is its insensitivity to singularities in the joint density of states. These were found to occur for the LH0-E0 transition in the GaAs well. The obtained numerical resolution is beyond experimental resolution. Strictly speaking, the calculated spectrum is an absorption spectrum. However, the PLE spectrum is known to resemble the absorption spectrum closely, due to the efficient relaxation of photoexcited carriers to the ⌫ point, where the radiative recombination takes place.
B. Numerical results and discussion
The calculated dispersion relations of the 95 Å GaAs well, shown in Fig. 4͑a͒ , undoubtedly confirm the earlier described negative light-hole ground-state mass for small wave numbers. Quantitative analyses revealed that the LH0 and E0 effective masses are nominally the same for k vectors up to about 1ϫ10 ϩ8 m
Ϫ1
, resulting in second-order van Hove singularity in the joint density of states, as explained in Sec. I. The extreme nonparabolicity of the LH ground state is absent in the strained In y Ga 1Ϫy As QW ͓Fig. 4͑b͔͒ as a result of the weaker HH-LH interaction, which, in turn, is due to the increased HH-LH separation. The In y Ga 1Ϫy As simulations are performed for an indium concentration of 11%, instead of 10%, although the latter was found in the x-raydiffraction measurements. This was chosen in order to lessen the difference between calculated and observed transition energies. For lower indium concentrations the energetic ordering of the HH2 and LH0 bands is reversed, resulting in a sharp anticrossing near the zone center.
The PLE spectra corresponding to the dispersion curves in Fig. 4 are displayed in Fig. 5 . It is obvious from a comparison with the experimental spectra in Fig. 1 that our simulations account for all features present in the ground-state transitions, including the second-order van Hove singularity at 1565 meV. This, again, confirms our claim that both HH and LH ground-state transitions can be treated as free band-toband transitions in the heavily doped samples under consideration. In contrast, the simulated HH1-E1 transition in the In y Ga 1Ϫy As spectrum lacks the structure which is present in the experimental spectrum, and which must be attributed to excitonic effects.
It is worthwhile to note that not only the parabolicity of the valence bands is increased due to strain, but also the isotropy of the heavy-hole ground state, as can be deduced from the intersection of the HH0 dispersion curves in the ͗10͘ and ͗11͘ directions by the Fermi energy; see Fig. 4 . This anisotropy is reflected by the steepness of the MossBurstein-shifted onset of HH0-E0 transitions in the PLE spectra ͑the traces marked ␣␣ in Figs. 1 and 5͒ by the following mechanism. In general the photon energy of a k-conserving transition is given by E t ͑k͒ϭE Gap ϩE hole ͑k͒ ϩE el ͑k͒. Since the PLE onset is due to transitions at k vectors on the Fermi contour, the Moss-Burstein-shifted HH0-E0 onset energy becomes E t,B ͑k F ͒ϭE Gap ϩE F ϩE E0 ͑k F ͒. Because the onset in the PLE spectrum reflects an average over all k F directions, the onset will only be sharp when E t,B is the same in all directions of k F . This requires a constant magnitude of k F in all directions, since the conduction band is isotropic. This condition can only be fulfilled for an isotropic HH0 band. In simulation as well as in experiment, the GaAs well displays a far more rounded HH0-E0 onset then the In y Ga 1Ϫy As well, indicating the enhanced isotropy in the strained sample. Another interesting feature in the ␣␤ PLE spectrum of the In y Ga 1Ϫy As QW is the foot below the LH0-E0 onset at 1485 meV. This is a result of admixture of light-hole character in the heavy-hole ground state at nonzero wave number. This foot is also present in the experimental spectrum.
The spectra depicted in Fig. 5 are slightly redshifted in order to obtain the correct PL energy indicated by the arrows. This shift is commonly encountered in heavily doped systems, and known as band-gap renormalization, and usually described in terms of exchange-and correlation effects. The applied values for the GaAs and In y Ga 1Ϫy As simulations are 14.5 and 11.0 meV, respectively.
It can be noted that the predicted Moss-Burstein shift overestimates the experimentally observed shift, for both GaAs and In y Ga 1Ϫy As QW's. A deviation of this kind was also observed in a similar simulation of a p-doped asymmetric double quantum well. 21 In Table I we summarize the observed and predicted Moss-Burstein shifts. The MossBurstein shifts are calculated in two limiting situations, which will be briefly discussed in the following. The first calculation is based on full k-conservation, as are the PLE simulations in Fig. 5 . This method has yielded good results for similar n-type QW's. 27 Assuming k conservation, the observed deviations in the Moss-Burstein shift have to be caused by incorrectness of the calculated dispersion relations. This is unlikely since the overall similarity of observed and calculated PLE spectra does not suggest significant errors in the calculated band structure. Moreover, the overestimation would have to result mainly from a severe incorrectness in the calculation of the very well-understood electron band, since the difference between the HH0 energies at kϭ0 and kϭk F is less then the observed overestimation. The second calculation is based on full k relaxation, in which case the Moss-Burstein shift equals E F ϪE HH0 ͑kϭ0͒. The k-conservation selection rule could, e.g., be lifted by strong electron localization. Good results in the simulation of PL spectra of bulk semiconductors have been obtained by calculations based on this assumption. 28 Since full k relaxation strongly underestimates the Moss-Burstein shift, a partial relaxation is more likely. However, to account for the observed deviation of 10 meV, still a strong relaxation is required. As a consequence, PLE onsets and PL lines will become broadened on a similar energy scale. This is obviously not supported by the experiments. Other effects to explain the discrepancy between the calculated and observed MossBurstein shifts, such as nonparabolicity of the electron bands or thermal effects, are far too small to explain the deviation. Exciton effects can be ruled out since they only increase the separation between PL and PLE spectra.
It is interesting to note that a similar effect in the MossBurstein shift has been observed by Deppe et al. 29 in highly doped bulk In 0.53 Ga 0.47 As layers. For p-type doping no appreciatable Moss-Burstein shift was found, while in n-type layers a significant shift was observed. No explanation for this effect is given by the authors. To conclude the considerations on the Moss-Burstein shift, we are unable to find a sensible explication for the overestimation, but we believe that the observed deviation is caused by a nontrivial effect. A more systematic study is, however, required to resolve this problem.
C. Analytical results
In Ref. 2 analytical expressions are derived for the various types of van Hove singularities under the usual condition of equality of the first derivatives of the electron and hole dispersions. Below we will derive an expression for an isotropic system, in which also the second derivatives of the valence and conduction band dispersion relations are equal. As we will mainly follow the lines of Ref. 2 , only a brief outline of the derivation will be given. We start from the well-known expression for the joint density of states in a two-dimensional system,
where the integral runs over the full Brillouin zone, and E c and E v are conduction-and valence-band dispersion relations, respectively. Under the conditions mentioned above, we can, for an isotropic system, expand E c ϪE v around the singular point at energy E 0 as
with kϭͱ(k x 2 ϩk y 2 ). The cubic and higher odd-power contributions are zero since the dispersion relations are invariant under the transformation k→Ϫk because of the inversion symmetry of the potential. Substitution in Eq. ͑2͒ and transformation to polar coordinates and using the property of the , and B a constant that depends on the detailed band structure. As is apparent from Eq. ͑5͒, a 1/ͱx, with x→0, divergence is to be expected at the onset of the LH0-E0 transition in the PLE spectrum. In comparison, the usual van Hove condition gives a quadratic term in Eq. ͑3͒, and only a step in J(E) at E 0 . 2, 30 In Fig. 6 , J(E), calculated from Eq. ͑5͒, is plotted, together with the numerically calculated PLE signal. Obviously there is excellent agreement between the numerical and analytical curves. Also shown are the experimental PLE signal in cross polarization and J(E), convoluted with a 2.9-meV, wide Gaussian profile. Again, the similarity is striking, proving the correctness of our description.
IV. SUMMARY
In this paper we reported experimental identification of a second-order van Hove singularity in the photoluminescence excitation spectrum of a Al x Ga 1Ϫx As/GaAs quantum well. We showed the relative unimportance of excitonic effects in the light-and heavy-hole ground states, in both samples. We believe this is due to the efficient screening of the unpopulated LH0 state by the sea of free heavy holes. The observed spectra are in agreement with the theoretical predictions of Winkler, 11 in the sense that a singularity is found in the free-electron-hole absorption spectrum. Although Winkler identified this singularity as a logarithmic van Hove singularity, fulfilling the usual condition ٌ k E c ͑k͒Ϫٌ k E v ͑k͒ϭ0, we have shown that it fulfills the far more restrictive condition ⌬ k E c ͑k͒Ϫ⌬ k E v ͑k͒ϭ0, which gives rise to a 1/ͱx, with x→0, divergence. The derived analytical expressions were found to be in excellent agreement with both the numerical and the experimental results.
It is interesting to note that Gravier et al. 31 observed a similar structure in the cross-polarization PLE spectrum of a 80-Å p-type QW. The authors attribute this peak to excitonic effects. Although the carrier density in their sample is a factor 3 lower than in ours, we still feel that this feature can also be a van Hove singularity.
Furthermore, it was experimentally shown how the strain in an Al x Ga 1Ϫx As/In y Ga 1Ϫy As QW increases the band parabolicity, which translates into the elimination of the secondorder van Hove singularity. From the steepness of the MossBurstein-shifted onsets of the HH0-E0 transitions in PLE, it was deduced that the severe warping of the heavy-hole ground state in the GaAs well is strongly reduced in the In y Ga 1Ϫy As well. Experimental results were found to be in good agreement with numerically obtained dispersion relations and PLE spectra. Although most numerical details were quantitatively covered by the experiments, the predicted Moss-Burstein shift exceeded the observed shift significantly. No consistent interpretation of this effect was found.
